Neurons in the dorsolateral geniculate nucleus (dLGN) of the thalamus are contacted by a large number of feedback synapses from cortex, whose role in visual processing is poorly understood. Past studies investigating this role have mostly used simple visual stimuli and anesthetized animals, but corticothalamic (CT) feedback might be particularly relevant during processing of complex visual stimuli, and its effects might depend on behavioral state. Here, we find that CT feedback robustly modulates responses to naturalistic movie clips by increasing response gain and promoting tonic firing mode. Compared to these robust effects for naturalistic movies, CT feedback effects were less consistent for simple grating stimuli. Finally, while CT feedback and locomotion affected dLGN responses in similar ways, we found their effects to be largely independent. We propose that CT feedback and behavioral state use separate routes to powerfully modulate visual information on its way to cortex.
fired less selectively across the frames of the movie. Finally, we also examined the effect Figure 2 The effect of V1 suppression on dLGN responses to naturalistic movie clips is predominantly divisive. (a) PSTHs of an example neuron during CT feedback (black, dotted ) and V1 suppression (gray) conditions, for a random subset of 50% of trials per condition not used for model fitting. Responses during the suppression condition are approximated by the threshold linear model (blue) based on responses during the feedback condition. Pale red: PSTH during V1 suppression consisting only of burst spikes. Inset: cartoon of threshold linear model. (b) Timepoint-by-timepoint comparison of instantaneous firing rates of the PSTHs (derived from the 50% of trials not used for fitting) during the suppression vs. feedback conditions. PSTH data points are plotted at 0.01 ms resolution. Blue line: threshold linear model fit. (c,d) Same as (a,b) for a second example neuron (same as in Fig. 1d configuration used for naturalistic movie clips, we presented full-field gratings drifting in one of 12 different orientations, and selected a pseudo-random subset of trials for V1 suppression.
145
As expected, we found that responses of single dLGN neurons in the control condition with 146 CT feedback intact could be modulated at the temporal frequency (TF, 4 cyc/s) of the 147 drifting grating ( Fig. 3a 1 , b 1 ). Similar to previous studies in mouse dLGN [57-59], we also 148 encountered some dLGN neurons with tuning for grating orientation or direction ( Fig. 3a 2 ,   149 b 2 ).
150
Remarkably, V1 suppression had mixed effects on dLGN responses to drifting gratings.
151
Example neuron 1, for instance, had lower firing rates with CT feedback intact, both in the 152 orientation tuning (Fig. 3a 2 ) and the cycle-averaged response to the preferred orientation 153 ( Fig. 3a 3 ). In addition, with CT feedback intact, there were markedly fewer burst spikes.
154
In contrast, example neuron 3 responded more strongly with CT feedback intact ( Fig. 3b 
163
Beyond studying overall changes in responsiveness and firing mode, we next asked how 164 CT feedback affected the orientation selectivity of dLGN neurons. We computed orientation 165 tuning curves separately for feedback and suppression conditions. For neuron 1, intact CT 166 feedback was associated not only with lower average firing rates, but also poorer selectivity 167 (OSIs of 0.14 vs. 0.25; Fig. 3a 2 ). In contrast, for neuron 3, orientation selectivity was similar 168 during feedback and suppression conditions (OSIs of 0.1 vs. 0.09; Fig. 3b 2 ). These results 169 were representative of the population, where CT feedback affected orientation selectivity in 170 diverse ways, with virtually no difference in population means (feedback OSI: 0.14; suppres-171 sion: 0.13; LMM: F 1,67 = 0.51, p = 0.48; Fig. 3e ; see also [25, 46, 47, 60] ). For neurons 172 with OSI > 0.02 and well-fit orientation tuning curves (R 2 > 0.5), preferred orientation 173 during feedback and suppression conditions was largely similar, except for some cases where 174 it shifted ( Fig. 3f ).
175
Inspecting the spike rasters at different orientations, we realized that responses of genic-176 ulate neurons appeared to be more strongly modulated at the grating TF during V1 suppression than when feedback was intact ( Fig. 3a 1 ) . To test whether V1 suppression affected the ability of dLGN neurons to follow the gratings' temporal modulation, for each neuron we computed the amplitude of the response at the stimulus frequency (F 1 component) relative to the mean response (F 0 component) [61, 62] and found that F 1 /F 0 ratios were indeed lower 181 when feedback was intact (1.1 vs. 1.3; LMM: F 1,69 = 20.01, p = 3 × 10 −5 ; Fig. 3g ). To 182 explore the impact of CT feedback on the first harmonic response in more detail, we exam-183 ined the cycle average responses to the preferred orientation, and asked how CT feedback 184 affected response phase. Similar to the results obtained for the example neurons ( Fig. 3a 3 , 185 Fig. 3b 3 ), we found that V1 suppression could advance response phase (Fig. 3h ). This 186 phase advance occurred more often for neurons whose responses during V1 suppression in-187 cluded a substantial proportion of burst spikes ( Fig. 3i , red ; 23 of 26 observations advanced, 188 p = 8.8 × 10 −5 , binomial test) than for neurons whose V1 suppression responses had little 189 or no bursting ( Fig. 3i , black ; 8 of 14 observations advanced, p = 0.79, binomial test), 190 suggesting that the phase advance might be driven by the dynamics of burst spiking. In 191 summary, these findings demonstrate that CT feedback can affect response phase, likely via 192 its control of firing mode.
193
Effects of CT feedback on dLGN firing rates are more consistent for movies than gratings 194 Our analyses suggest that the impact of CT feedback on firing rates might be more 195 consistent for naturalistic movie stimuli than for gratings. To test this hypothesis, we focused 196 on the subset of neurons recorded with both types of stimuli. Indeed, when we compared 197 feedback modulation indices (FMI) of firing rates, we found that for movies the overall FMI To test this hypothesis we compared CT feedback modulation of burst ratio for gratings vs. 206 movie clips, and found that V1 suppression indeed induced stronger bursting for gratings 207 than for movies (mean FMIs: −0.43 vs. −0.28; LMM: F 1,33 = 41.9, p = 2.4 × 10 −7 ; Fig. 4b ).
208
Thus, the stronger engagement of burst spiking for gratings might antagonize and overcome 209 the reduction of firing rates that would otherwise occur during V1 suppression. with CT feedback intact vs. V1 suppression, for mean firing rate (c), burst ratio (d), orientation selectivity index (OSI) (e), preferred orientation θ (f), F 1 /F 0 (g), and cycle average phase φ (h). Purple, blue: example neurons. (i) Cumulative distribution of cycle average phase differences between feedback and suppression conditions. Black : neurons with little burst spiking (ratio of cycle average peak for burst spikes to cycle average peak for all spikes < 0.1); red : neurons with substantial burst spiking (ratio of cycle average peak for burst spikes to cycle average peak for all spikes ≥ 0.1). behavior. When we examined the spike rasters and PSTHs of example neuron 1 (Fig. 5a,b 15.5, p = 0.00012; Fig. 5c ). Similar to previous reports using gratings [63, 66] , we found 223 that bursting was lower during locomotion than stationary periods (0.046 vs. 0.071; LMM: 224 F 1,186.7 = 28.9, p = 2.3 × 10 −7 ; Fig. 5d ). Beyond these established measures, using movie Fig. 5e ) and lower response reliability (0.14 vs. 0.17; LMM: F 1,174.9 = 11.8; 228 p = 0.00072; Fig. 5f ). This locomotion-related decrease of response reliability could be 229 related to, but is likely not fully explained by, the increase in eye movements typically 230 associated with running ( Fig. S4f,g) [63, 67]. These analyses demonstrate that in dLGN, (Fig. 6a 0 ) . Contrary to this prediction, we found that effects of CT feedback (FMI) 238 and behavioral state (run modulation index, RMI) were uncorrelated (firing rate: slope of 239 0.057 ± 0.13; burst ratio: slope of −0.11 ± 0.13; sparseness: slope of −0.061 ± 0.20; reliability: 240 slope of −0.094 ± 0.12; Fig. 6a 1−4 ) . 241 Moreover, if effects of locomotion on dLGN responses were inherited from primary visual 242 cortex, such effects should vanish during V1 suppression (Fig. 6b 0 ) . However, even during 243 V1 suppression, RMIs were significantly different from 0 (firing rate: 0.17 ± 0.08; burst ratio: 244 −0.16 ± 0.14; sparseness: −0.12 ± 0.02; reliability: −0.11 ± 0.08; Fig. 6b 1−4 ) . In fact, the 245 degree of running modulation was correlated between feedback and suppression conditions 246 (firing rate: slope of 0.48 ± 0.13; burst ratio: slope of 0.37 ± 0.21; sparseness: slope of 247 0.44 ± 0.14; reliability: slope of 0.50 ± 0.15; Fig. 6b 1−4 ) . Interestingly, for firing rates and 248 burst ratios, locomotion effects were slightly stronger, on average, with CT feedback intact 249 compared to V1 suppression (RMI firing rate: 0.20 vs. 0.17; LMM: F 1,189.7 = 3.7, p = 0.055, 250 Fig. 6b 1 ; RMI burst ratio: −0.25 vs. −0.17; LMM: F 1,154.7 = 6.3, p = 0.013, Fig. 6b 2 ), 251 indicating that these two modulatory influences likely interact.
252 Lastly, we also tested the hypothesis that CT feedback might have a stronger impact 253 during active behavioral states than during quiescence. If during quiescence feedback circuits 254 were already completely disengaged, we should not have been able to observe further effects 255 of V1 suppression (Fig. 6c 0 ) . This was clearly not the case, because CT feedback effects 256 were correlated across behavioral states (firing rate: slope of 0.72 ± 0.10; burst ratio: slope 257 of 0.34 ± 0.15; sparseness: slope of 0.78 ± 0.12; reliability: slope of 0.43 ± 0.14; Fig. 6c 1−4 ) .
258
In addition, and similar to the slightly stronger RMIs during feedback, we discovered a 259 locomotion-dependent feedback effect for firing rates and burst ratios. Feedback effects were 260 slightly stronger, on average, during locomotion than during quiescence (FMI firing rate: 261 0.17 vs. 0.14; LMM: F 1,183.8 = 3.4, p = 0.067; Fig. 6c 1 ; FMI burst ratio: −0.28 vs. −0.20; 262 LMM: F 1,164.2 = 6.8, p = 0.010; Fig. 6c 2 ). Our ability to observe effects of V1 suppression 
Discussion
In this study we used naturalistic movies to reveal that corticothalamic feedback can transient cortical inactivation on dLGN responses were more evident during lighter anes- 
where C is the T by R response matrix (time samples by stimulus repetitions) and x and 583
Var[] x denote the mean and variance across the indicated dimension, respectively. If all trials 584 were identical such that the mean response was a perfect representative of the response, SNR 585 would equal 1.
586
The sparseness S of a PSTH was calculated according to [54] by
where r i ≥ 0 is the signal value in the i th time bin, and n is the number of time bins. were measured as the temporal separation of the middle 68% (16th to 84th percentile) of 602 spike times within each cluster.
603
To determine whether V1 suppression changes dLGN responses in a divisive or subtractive 604 manner, we fit a threshold-linear model using repeated random subsampling cross-validation.
To this end, we first selected a random set of 50% of the trials for each condition for fitting 606 to the timepoint-by-timepoint responses a threshold linear model given by
where r supp > 0, with s representing the slope and b the offset. Fitting was done using 608 non-linear least squares (scipy.optimize.curve fit). Throughout Fig. 2 , we report the 609 resulting x-intercept as the threshold. We evaluated goodness of fit (R 2 ) for the other 50% of 610 trials not used for fitting. We repeated this procedure 1000 times and considered threshold 611 and slope as significant if the central 95% of their distribution did not include 0 and 1, 612 respectively.
613
Characterization of responses to drifting gratings 614 For display of spike rasters (Fig. 3) , trials were sorted by condition. We computed (4)
In this expression, θ is stimulus orientation (0-360 • ). The function has five parameters: 618 preferred orientation θ p , tuning width σ, baseline response R 0 , response at the preferred 619 orientation R p , and response at the null orientation R n .
620
Orientation selectivity was quantified according to [41, 105] as 621 OSI = ( r k sin(2θ k )) 2 + ( r k cos(2θ k )) 2
where r k is the response to the kth direction given by θ k . We determined OSI for each unit 622 during both feedback and suppression conditions. 623 We computed the first harmonic of the response r from the spike trains according to [62] 624 to obtain the amplitude and phase of the best-fitting sinusoid, which has the same temporal 625 frequency as the stimulus. For each trial, we calculated
where D is the stimulus duration, f is the temporal frequency of the stimulus, and the t k 627 are the times of the individual spikes. We excluded the first cycle to avoid contamination 628 by the onset response. For (Fig. 3g) , we calculated average amplitude F 1 by obtaining from the pupil position to eliminate translational eye movements, and pupil displacement in degrees relative to the baseline (median) position was determined by
where d is the distance between the pupil and the baseline position, and r = 1.25 mm is the 668 radius of the eye [106]. Angular displacement was computed separately for x and y directions 669 and then combined geometrically to give the final measure of distance from baseline.
670
Statistical methods
671
To assess statistical significance, we fitted and examined multilevel linear models [107] . b Figure (a, b) Comparison of CT feedback vs. V1 suppression conditions for PSTH signal-to-noise ratio (SNR) (a) and mean peak width (b). SNR was computed as in [104] , and compares the variance of the trial-averaged PSTH across time relative to the single-trial variance across time, averaged across stimulus repeats. If all trials are identical such that the PSTH is a perfect representation of the each trial's response, SNR equals 1. The width of PSTH peaks that exceeded a threshold amplitude was measured as the temporal separation of the middle 68% of spikes clustered as part of each peak (see Methods). Narrow peaks are a proxy for high temporal precision of responses. With CT feedback intact, mean SNR was lower (0.14 vs. 0.16, LMM: F 1,154.7 = 14.72, p = 0.00018) and mean peak width was higher (0.086 vs. 0.080, LMM: F 1,153 = 7.0, p = 0.0088). (c-f) Relationship between CT feedback effects (FMI) on firing rate and sparseness (c), burst ratio (d), SNR (e), and peak width (f). CT feedback-related changes in firing rate can to a large degree account for the changes in sparseness (LMM: slope of −0.60 ± 0.11; (c)). For all other measures, slopes were either non-significant or closer to 0 (Burst ratio, LMM: slope of −0.17 ± 0.29; SNR, LMM: slope of −0.18 ± 0.18; peak width, LMM: slope of 0.19 ± 0.11). Figure S3 Comparison of effects of V1 suppression for different parts of the naturalistic movie clips and for the first 120 trials only. (a, b) In conditions with CT feedback intact, dLGN firing rates were consistently higher than during V1 suppression, both for the first 2 s (a) and the last 2 s (b) of the movie clips (main effect of feedback, LMM: F 1,394.9 = 14.6, p = 0.00015), and the effect of V1 suppression was indistinguishable during the first two and the last two seconds of the movie clips (interaction feedback × analysis window, LMM: F 1,394.9 = 0.61, p = 0.43). Higher consistency of effects of V1 feedback suppression on firing rates to naturalistic movies thus cannot be explained by the longer duration of the movies (5 s) compared to gratings (2 s). (c, d) Comparison of feedback modulation index (FMI) of firing rates for gratings vs. movies, separately for the first 2 s (c) and the last 2 s (d) of the movie clips. Firing rate FMIs were significantly more positive for movies vs. gratings, even when considering only the first 2 s (mean FMI of 0.16 (movies) vs. 0.022 (gratings); LMM: F 1,38 = 12.7, p = 0.00099) (c). Considering only the last 2 s of the movies (d) gave very similar results (mean FMI of 0.14 (movies) vs. 0.03 (gratings); LMM: F 1,38 = 5.7, p = 0.022). Hence, even when we limited our analysis to the first 2 s of the movie clips, CT feedback effects remained stronger for movies than gratings. Together, these analyses show that considering the full 5 s of the movie clips does not inflate the difference in firing rate FMI between movies and gratings, but is rather a conservative estimate of the effect. .4 = 4.9, p = 0.029) and peak width broader (0.075 vs. 0.068, LMM: F 1,146.2 = 13.1, p = 0.00040). (c-e) Relationship between locomotion effects (RMI) on firing rate vs. burst ratio (c), sparseness (d), and reliability (e). Locomotion-related changes in firing rate can to some degree account for the changes in reliability (LMM: slope of 0.59±0.38; (e)). For all other measures, slopes were non-significant (Burst ratio, LMM: slope of 0.19 ± 0.43; sparseness, LMM: slope of −0.12 ± 0.12). (f) Distribution of trial-averaged eye-position standard deviation for trials with locomotion (green) and stationary periods (orange). Eye-position standard deviation was first calculated for each time point across trials, and then averaged across time points. In line with previous reports [63, 67], standard deviation of eye position was, on average, larger during locomotion than during stationary periods (4.27 • vs. 2.76 • , LMM: F 1,49 = 53.6.5, p = 2.1 × 10 −9 , N = 30 experiments from 6 mice). (g) Locomotion-related trial-to-trial reliability co-varied with locomotion-related changes in eye position standard deviation (LMM: slope of −0.44 ± 0.36); however, the expected difference in reliability RMI corresponding to a 1 standard deviation difference in eye position σ RMI is −0.081, which is much smaller than the residual standard deviation of 0.28 unexplained by the regression. Therefore, changes in eye position during locomotion cannot reliably account for the reduced reliability of responses during locomotion (Fig. 5f ).
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Figure S5
Two example movies used for the recordings.
